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1. INTRODUCTION
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Prediction of human cancer risk from the results of rodent bioassays requires two types of extrap-
olation: a qualitative extrapolation from short-lived rodent species to long-lived humans, and a
quantitative extrapolation from near-toxic doses in the bioassay to low-level human exposures.
Experimental evidence on the accuracy of prediction between closely related species tested under
similar experimental conditions (rats, mice, and hamsters) indicates that: (1) if a chemical is
positive in one species, it will be positive in the second species about 75% of the time; however,
since about 50% of test chemicals are positive in each species, by chance alone one would expect
a predictive value between species of about 50%. (2) If a chemical induces tumors in a particular
target organ in one species, it will induce tumors in the same organ in the second species about
50% of the time. Similar predictive values are obtained in an analysis of prediction from humans
to rats or from humans to mice for known human carcinogens. Limitations of bioassay data for
use in quantitative extrapolation are discussed, including constraints on both estimates of carcin-
ogenic potency and of the dose-response in experiments with only two doses and a control.
Quantitative extrapolation should be based on an understanding of mechanisms of carcinogenesis,
particularly mitogenic effects that are present at high and not low doses.

KEY WORDS: Interspecies prediction; human carcinogen; target site; cancer risk assessment; mitogenesis;
HERP.

essary between a short-lived species such as rats or mice
to humans, a long-lived species. (2) A quantitative ex-
trapolation is necessary from the maximum tolerated dose

Current strategies to prevent human cancer use
chronic rodent bioassays as the major source of infor-
mation to predict the risk to humans from chemical ex-
posures. Two types of extrapolation are required in such
an undertaking: (1) A qualitative extrapolation is nec-
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(MTD) administered in bioassays to human exposure levels
that are often hundreds of thousands of times lower. This
paper reviews results on these two types of extrapolation,
based primarily on analyses of our comprehensive, stan-
dardized database of chronic, long-term bioassays, the Car-
cinogenic Potency Database (CPDB).(-9)

Results from rodent bioassays are routinely used to
predict qualitatively whether a chemical is a potential
human carcinogen. Ideally, one would like to know the
accuracy of prediction from rats or mice to humans, but
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because epidemiologic data are usually lacking and ex-
periments cannot be conducted in humans, this knowl-
edge is not available. We examine below the accuracy
of prediction between the two closely related species,
rats and mice, and between each of these two species
and hamsters. This comparison reflects results obtained
under similar experimental conditions, including admin-
istration of the MTD and laboratory diets fed ad libitum.
Thus, qualitative prediction from one rodent species to
another (i.e., prediction of positivity and prediction of
target organ) can be examined without simultaneously
having to address the issue of high- to low-dose extrap-
olation.®®” One would expect that the qualitative pre-
diction of positivity and target organ from rats to mice
would likely be much better than prediction from rats or
mice to humans. The quantitative prediction from high
dose in rodents to low dose in humans is much more
uncertain. We also examine the bioassay results in rats
and mice from the CPDB for the known human carcin-
ogens, thus assessing the accuracy of prediction from
humans to rats or humans to mice.

On quantitative extrapolation, we discuss reasons
why standard rodent bioassays at high dose, as currently
conducted, do not provide sufficient information to as-
sess carcinogenic risk to humans at low dose. Such ex-
trapolation should be based on knowledge of mechanisms
of carcinogenesis, and should reflect the importance of
mitogenesis. Cell division converts DNA lesions to mu-
tations and thus, from first principles, cell division rates
of the tumor precursor cells must be important. We have
postulated and discussed the evidence that chronic
administration of chemicals at the MTD increases chronic
mitogenesis in cells that are not discarded, which in turn
increases rates of mutagenesis and carcinogenesis.(®-10
Therefore, at the low doses of most human exposures
where cell killing does not occur, the hazards to humans
of rodent carcinogens may often be much lower than has
commonly been assumed.

Table 1. Prediction of Carcinogenicity and Target Site Between Rats
and Mice Among Chemicals Tested in Both Species and Positive in

at Least One
Rat Mouse
Carcinogens Carcinogens

Positive in other species at

same target site 108 (49%) 108 (47%)
Positive in other species but

not at same target site 57 (25%) 57 (25%)
Negative in other species 59 (26%) 64 (28%)
Total 224 (100%) 229 (100%)
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2. QUALITATIVE EXTRAPOLATION
BETWEEN SPECIES

2.1. Prediction of Positivity Between Rodent Species

How well can one predict carcinogenicity from rats
to mice, or from mice to rats? Table I reports results in
the CPDB on prediction between rats and mice for the
479 chemicals that have been tested in both species.* If
a chemical is positive in either rats or mice, it is positive
in the other species about 75% of the time. This pro-
portion is similar to results reported earlier for smaller
numbers of chemicals.®7-'1-13 However, we have also
found that in each species about half the test chemicals
are positive (224/479 in rats, 229/479 in mice); there-
fore, by chance alone one would expect a positive pre-
dictive value between species of about 50%.(5" Thus,
the overall predictive values of 75% between rats and
mice are significantly better than would be expected by
chance, but provide only moderate confidence in inter-
species extrapolation. Results for the limited number of
compounds in the CPDB that have been tested in ham-
sters and rats, or hamsters and mice, indicate that pre-
diction from rats to hamsters or from mice to hamsters
(about 65%) is similar to, but slightly less accurate than,
prediction between rats and mice.

In earlier work, we identified three factors that in-
fluence the accuracy of prediction of carcinogenicity be-
tween rats and mice. Predictive values are more accurate

4 Our analyses are based on this database, which reports only results
of chronic, long-term bioassays that are adequate to detect a carcin-
ogenic effect or lack of effect and to estimate potency. More than
4400 experiments met the inclusion criteria of the database, but thou-
sands of others did not [e.g., tests that lack a control group, that are
too short or include too few animals to detect an effect, that use
routes of administration not likely to result in whole body exposure
(like skin painting or subcutaneous administration) or a dosing sched-
ule which is not chronic, cocarcinogenesis studies, and bioassays of
particulate or fibrous matters].

One-third of the chemicals in the database have been tested by the
National Cancer Institute/National Toxicology Program, using stan-
dard protocols with tests in two species at the MTD. About half of
the chemicals in the database, however, have been tested in only one
species.

In this analysis, we classify the results of an experiment as either
positive or negative on the basis of the author’s opinion in the pub-
lished paper and classify a chemical as positive if it has been eval-
vated as positive by the author of at least one experiment. We use
the author’s opinion to determine positivity because it often takes
into account more information than statistical significance alone, such
as historical control rates for particular sites, survival and latency,
and/or dose-response. Generally, this designation by author’s opin-
ion corresponds well with the results of statistical reanalysis of the
significance of the dose-response effect.®
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for mutagens than nonmutagens; for chemicals that are
toxic at lower doses compared to higher doses (as mea-
sured by the MTD); and for some chemical classes com-
pared to others.® To compare the accuracy of prediction
based on various target organs, we have examined the
predictive value of individual sites in one species for
positivity (at any site) in the second species.(®:” Most
sites are good predictors of carcinogenicity at some site
in the other species. The least accurate predictors are the
urinary bladder in the rat and the liver in the mouse.

2.2. Prediction of Target Site Between Rodent
Species

If a chemical is positive in one species, how often
will it be positive in the other species and at the same
target site? Since many chemicals induce tumors at mul-
tiple sites, there is often more than one target site that
is potentially a site in common between the two species,
thus increasing the chance that there will be some target
site in common. Site-specific prediction between rats
and mice (Table I) is less accurate than overall prediction
of positivity. Knowing that a chemical is positive at a
site in one species gives about a 50% chance that it will
be positive at the same site in the other species. Among
the 108 chemicals that have a site in common between
rats and mice (Table I), the liver is the only site in
common for 47. Site-specific prediction from rats or mice
to hamsters is similar to that between rats and mice.

2.3. Human Carcinogens

Ultimately, one wants to know whether chemicals
that have been shown to be carcinogenic in experimental
animals are also carcinogenic in humans. This question
cannot be answered by reversing the question (i.e., by
asking whether chemicals that are human carcinogens
are also carcinogenic in a rodent species) because even
if most human carcinogens are rodent carcinogens, the
converse does not necessarily follow, as can be dem-
onstrated by a simple probabilistic argument.®¥ Never-
theless, some additional evidence about interspecies
extrapolation can be obtained by asking how good a
model the human is for the rat or the mouse, even though
this will not provide direct evidence about how good a
model the rat or mouse is for the human. The evaluations
of the International Agency for Research in Cancer (IARC)
list 55 known human carcinogens including industrial
processes, therapeutic combinations, single chemicals,
and mixtures such as tobacco smoke. For 35 of these
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human carcinogens, data in experimental animals have
been evaluated by IARC.(5-18)

The CPDB includes only results of experiments on
single chemicals that meet specified experimental-design
criteria, including chronic, long-term administration of
the chemical by routes that are expected to result in
whole body exposure. Thus, some experiments that JARC
has used in its evaluations are excluded. A search of the
CPDB indicates that experiments are included for 18
human carcinogens, of which 17 have been tested in rats,
and 16 in mice. Table II reports the CPDB results on
positivity and target sites in rats and mice for these 18
human carcinogens, as well as the human target sites
identified by IARC.

The overall predictive value in Table II from hu-
mans to rats is 76% (13/17) and from humans to mice
is 75% (12/16). In the CPDB, rat experiments are all
negative for four of the human carcinogens (arsenic/ar-
senic compounds, azathioprine, cyclosporin, and My-
leran). IARC evaluates these four compounds as having
limited (not sufficient) evidence of carcinogenicity in
animals (Table II), and IARC does not report any evi-
dence in rats for three of the four. For the fourth, aza-
thioprine in rats, IARC reports only suspected target
organs.(®

Mouse experiments in the CPDB are all negative
for four human carcinogens (aflatoxin, arsenic/arsenic
compounds, cyclosporin, and nickel compounds). In
comparison, IARC evaluations of carcinogenicity in an-
imals for two of these four, arsenic and cyclosporin, are
limited (not sufficient) evidence; for the other two, af-
latoxin and nickel compounds, IARC evaluates the evi-
dence as sufficient (Table II).!® With respect to target
organs in mice, IARC reports target organs for aflatoxin
and cyclosporin, but only local target organs for nickel
compounds and only suspected target organs for arsenic/
arsenic compounds,(®

Some rodent experiments on human carcinogens are
used by IARC in their evaluations but are not included
in the CPDB because of route of exposure (e.g., skin
painting, subcutaneous injection, intratracheal instilla-
tion, implant), nonchronic dosing, cocarcinogenesis tests,
use of infant animals, lack of controls, and screening
assays on the accelerated induction of tumors. (!9

Table II also shows the accuracy of prediction to
the same target site between humans and rats, and be-
tween humans and mice. There is a target site in com-
mon between humans and rats for 47% (8/17) of the
human carcinogens, and a site in common between hu-
mans and mice for 37% (6/16). A variety of organs are
represented among the sites in common. Table II thus
indicates that the overall predictive values are similar to



582

Gold, Manley, and Ames

Table II. Comparison of Positivity and Target Sites in Humans and Rats or Mice Among 18 Chemicals in the CPDB for Which IARC Found
Sufficient Evidence of Carcinogenicity in Humans?

IARC evaluation

CPDB Target Sites®

Chemical Animals® Human target site Rats Mice
Alflatoxins S Liver Liver, large intestine, kidney Negative
Alcoholic beverages (Ethyl
Alcohol) 1 Liver, oral cavity, pharynx,  Liver, adrenal gland, pancreas, No test
larynx, esophagus pituitary gland
4-Aminobiphenyl S Bladder Mammary gland Bladder, liver, angiosarcoma
Arsenic and arsenic
compounds L Skin, lung Negative Negative
Azathioprine L Lymphoma, skin, mesenchy- Negative Lymphoma, uterus
tumors, hepatobiliary
system
Benzene N Leukemia Zymbal’s gland, nasal cavity, Zymbal’s gland, Harderian gland,
oral cavity, skin, stomach, lymphoma, lung, mammary gland,
angiosarcoma ovary, preputial gland
Benzidine S Bladder Leukemia, liver, mammary gland Harderian gland, liver, angioma
bis(Chloromethyl)ether
and technical choro-
methyl methyl ether S Lung Lung, nasal cavity Lung, peritoneum
1,4-Butanediol dimetha-
nesulphonate (My-
leran) L Leukemia Negative No test
Chlorambucil S Leukemia Leukemia, Zymbal’s gland, Lymphosarcoma, lung
mammary gland, nervous system
Cyclosporin L Lymphoma Negative Negative
Cyclosphamide S Bladder, leukemia Bladder, leukemia Lymphosarcoma, lung
Diethylstilbestrol S Cervixfvagina, breast, testis ~ Adrenal gland, pituitary gland Mammary gland, thyroid gland
Melphalan S Leukemia Peritoneum Lung, lymphosarcoma
2-Napthylamine N Bladder Bladder Liver
Nickel compounds S Nasal sinus, lung No test Negative
Thiotepa S Leukemia Leukemia, Zymbal’s gland, skin Leukemia, preputial gland, skin
Vinyl Chloride S Angiosarcoma (liver), liver,  Angiosarcoma’, liver, lung, Angiosarcoma, liver, lung

lung, brain, lymphatic and
hematopoietic system

brain

“ The 1ARC evaluation in animals and the human target sites are given for each chemical; target sites that IARC considers only ““suspected”” in
humans are not included. For each rodent species, ““no test> in the CPDB and only “‘negative’” results in the CPDB are indicated. For positive
chemicals in the CPDB, all target sites in each rodent species are reported, and the sites that match the human target site are given in boldface.

Sites without boldface are targets in rats or mice but not in humans.

& S, sufficient; L, limited; I, inadequate.
¢ Rodent cancer tests are referenced in Refs. 1-5 and in the following: azathioprine (19); cyclosporin (20); diethylstilbestrol (21).
¢ In hamsters, vinyl chloride also induced angiosarcomas and tumors in the stomach, skin, and mammary gland. No other human carcinogens have

tests in hamsters in the CPDB.
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those reported above between rats and mice for the CPDB,
and that the predictive value for target organ is slightly
lower for mice.

We conclude, based on the experimental evidence
from the CPDB involving prediction from rats to mice,
from mice to rats, from rats or mice to hamsters, and
from humans to rats and humans to mice, that one cannot
assume that if a chemical induces tumors at a given site
in one species it will also be positive and induce tumors
at the same site in a second species; the likelihood is at
most 49%.

3. QUANTITATIVE EXTRAPOLATION TO LOW
DOSE FROM BIOASSAYS CONDUCTED AT
HIGH DOSE

3.1. Limitations of Carcinogenesis Bioassay Data
for Risk Estimation

Several recent analyses indicate that measures of
carcinogenic potency estimated from standard rodent
bioassays are restricted to a narrow range about the max-
imum dose tested for each chemical.??-2%) This narrow
range contrasts with the 10 million-fold range in the test
doses (MTDs) of different chemicals. In the CPDB, we
use TDs, based on the one-hit model as the measure of
potency (i.e., the tumorigenic dose rate for 50% of the
animals at the end of a standard lifespan).-%-2” One
reason for choosing the TDs, was that the concept is
easily understood, particularly by analogy to the widely
reported LD5,. Importantly, the TDs, is often within the
range of doses tested; thus, the experimental results do
not have to be extrapolated far to estimate TDg.2)

The statistical methods used to estimate TDs, do
not matter greatly. There is substantial agreement be-
tween TDj, estimated by lifetable and summary anal-
yses.?® Additionally, among chemicals that are positive
in more than one test in a species, the single most potent
TDs, value from among all positive tests in the species
is, with few exceptions, similar to other measures that
average TDs, values (harmonic mean, geometric mean,
or arithmetic mean).??

We showed several years ago that the potency (TDsg)
calculated from bioassays as currently conducted, is con-
strained to be within a narrow range (~32-fold) about
the maximum dose tested (in the absence of 100% tu-
mors in all dosed animals).?? Several papers that ap-
peared later all confirmed this restriction.®*®-32 Recently,
Krewski showed that across chemicals, regardless of
whether one uses the one-stage, multistage, or Weibull
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model to estimate TDs,, the correlation between the MTD
and carcinogenic potency is greater than 0.9.4% Thus,
potency estimates are constrained to a limited range once
one knows the MTD.

TDs, does not provide information about low-dose
exposures. Thus, we have not attempted to say anything
about the doses estimated to give tumors to one rat in a
million. In contrast to TDs,, vastly different results would
be obtained for such an undertaking, depending on what
particular statistical model was fitted to extend the ex-
trapolation to such a low level of exposure.®43% Whereas
TDs, is close to the doses tested, an estimate of the dose
to give tumors to a maximum of one animal in a million
based on the linearized multistage model widely used for
regulatory purposes, is, on average, 380,000 times be-
low the high dose in the bioassay.?¥ This enormous
toxicological leap in the dark emphasizes the point that
carcinogenesis bioassays were not designed to determine
one-in-a-million risks.

A further limitation of bioassay data for quantitative
extrapolation to low dose is the minimal information
available about dose-response from an experiment with
only two doses and a control. At the two high doses
tested (MTD and 1/2 MTD), it is difficult to interpret
the shape of the dose-response curve with three data
points. A recent study tested for consistency of the dose-
response with three different curves: linear, square-root,
and quadratic.®® Results of bioassays from the National
Cancer Institute/National Toxicology Program (NCI/NTP)
indicate that two thirds of the curves are consistent with
all three models, and 83% are consistent with at least
two models. An additional complication is the finding
that the best fit curves for more than half the chemicals
are not the same for different sex-species groups or dif-
ferent target organs within a single experiment. This var-
iation in curves for the same chemical was also discussed
earlier.(?2-28)

The good correlation in carcinogenic potency be-
tween rats and mice at the high doses tested has been
interpreted as a justification for quantitative extrapola-
tion from rodents to humans. However, the MTDs of
rats and mice for different chemicals are also very highly
correlated, and as previously stated, they span a 10-
million-fold range across chemicals; in contrast, the po-
tency for a given chemical is constrained to a narrow
range about the MTD.? These facts imply statistically
that the potencies of chemicals that are positive in rats
and mice will be highly correlated. Our recent analysis
suggests that at least 80% of the correlation is
tautological.®? Thus, the study of potency correlations
between rats and mice does not shed much light on the
validity of quantitative prediction between species. The
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biological basis for these correlations lies in part in the
high correlation in the MTDs of the two species, and in
part in the experimental finding that at the MTD and
1/2 MTD in experiments conducted using the standard
bioassay design, it is uncommon to observe either a tu-
mor incidence of 100% or a plateau in the dose-response
curve. These latter results are consistent with the hy-
pothesis that increased cell division, due to chronic
administration of near-toxic doses, is an important factor
in the carcinogenic response. The limitations of bioassay
data for use in risk estimation underscore the importance
of understanding mechanisms of carcinogenesis.

Several recent analyses have shown that quantita-
tive risk assessments as currently conducted by regula-
tory agencies are also constrained to a narrow range about
the MTD. Using data from the CPDB, Krewski and col-
leagues have shown that the unit risk factor Q,* derived
from the linearized multistage model is restricted to a
limited range about the MTD, that empirically the Q,*
values for different chemicals are highly correlated with
the MTD, and that linear extrapolation from the TDsq
usually results in low-dose slope estimates that are sim-
ilar to those based on the linearized multistage model.(>33
Gaylor estimated the risk-specific dose (RSD) corre-
sponding to a maximum risk of one cancer in a million
based on the multistage model, and found that RSD av-
erages 380,000 times below the MTD, and that 90% of
the estimates are within a factor of 10 of that number.¥

These are striking findings with broad implications
for risk assessment: the dose usually estimated by reg-
ulatory agencies to give a maximum of one cancer in a
million can be approximated merely by knowing the MTD,
and a reasonable estimate of the Q,* can be made from
the TDsq values in our published CPDB. Proposals based
on these findings have been made to facilitate the reg-
ulatory process. While these proposals address the ques-
tion of expediting regulation as it is currently done, they
do not resolve the fundamental question of the vast bio-
logical uncertainties in extrapolating 380,000 times be-
low the bioassay dose. Rather, they assume that the current
methodology should be approximated.

Gaylor has proposed dividing the MTD of a given
chemical by 400,000 to estimate the virtually safe dose;
then, if the intended human exposure to a chemical is
greater than the lowest virtually safe dose, the chemical
cannot be accepted as safe. If the intended human ex-
posure is below the lowest virtually safe dose, then con-
ducting a bioassay may not be necessary because the
predicted maximum risk will be below one in a million
at the intended exposure level.? Rulis proposed a
threshold of regulation for safety assessment of pack-
aging materials based on the distribution of TDs, values
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in the CPDB.®® This requires assuming that a substance
is no more toxic than the most potent chemical carcin-
ogen, and inferring a theoretical upper bound on potency
below which risks would be trivial. The California De-
partment of Health Services proposed that regulations
for Proposition 65 be expedited by using the CPDB re-
sults; adjusted TDs, values could be used for chemicals
that do not yet have a Q,* from either EPA or their
agency. Zeise has shown that potency estimates derived
from TDs, are reasonable estimates of potency values
that have been proposed for Proposition 65.39

3.2. Ranking Possible Carcinogenic Hazards

Our approach has been to acknowledge the enor-
mous limitations and uncertainties in quantitative risk
assessment and to begin by ranking possible carcino-
genic hazards to humans from typical exposures for a
wide variety of chemicals.*0-4) This ranking can help
to set priorities when selecting chemicals for chronic
bioassay or mechanistic studies, for epidemiological re-
search, and for regulatory policy. The current regulatory
process needs to take into account several points that we
have previously discussed in detail:(-10-40-43 (1) An ex-
trapolation from high to low doses should be based on
an understanding of the mechanisms of carcinogenesis.
(2) Testing at the MTD can frequently cause increased
cell division (e.g. through chronic cell killing and con-
sequent cell replacement), a risk factor for cancer that
can be limited to high doses. Ignoring this mitogenesis
effect can greatly exaggerate many low-dose risks. (3)
About half of the chemicals tested at the MTD are pos-
itive, and about 40% of the positives are not mutagenic.
This would be expected if mitogenesis is important in
the carcinogenic response at the MTD. (4) About half
of the natural chemicals tested chronically in rats and
mice at the MTD are positive, and the natural world of
chemicals makes up the vast proportion of chemicals that
humans are exposed to. Thus, human exposures to ro-
dent carcinogens (as defined by testing at the MTD) are
likely to be common. (5) The toxicology of synthetic
and natural toxins is not fundamentally different.

Together, these five points indicate that cancer-pre-
vention strategies aimed at chemical carcinogens as po-
tential causes of human cancer need to take a broad
overview of chemical exposures, both natural and syn-
thetic, to put possible hazards into perspective, and to
focus on those exposures that rank highest in possible
hazard. If there is an enormous natural background of
““potential human carcinogens® as defined by rodent tests,
then focusing regulatory attention on low-dose human
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exposures to synthetic chemicals is not likely to reduce
the human cancer burden significantly.

It is unlikely that the high proportion of carcinogens
in rodent studies is due simply to selection of suspicious
chemical structures: most chemicals were selected be-
cause of their use as industrial compounds, pesticides,
drugs, or food additives. Moreover, historically the
knowledge to predict carcinogenicity has been inade-
quate.® We have examined the proportion of chemicals
positive in the CPDB for 10 different datasets, and in
each case roughly half the chemicals are positive ac-
cording to the published author’s opinion in at least one
test (Table III): all chemicals in the CPDB, NCI/NTP
chemicals, NCI chemicals reported before 1979, litera-
ture other than NCI/NTP, chemicals tested in both rats
and mice (and among these, natural chemicals only and
synthetic chemicals only), natural pesticides, mold tox-
ins, and 26 chemicals in roasted coffee. (689294043} Eyen
if there is some selection bias, these results indicate that
humans are likely to be living in a sea of rodent carcin-
ogens as defined by testing at the MTD.

We have recently shown that even though only 57
of the 5000 or more naturally occurring plant pesticides
in the diet have been tested, the 29 that are rodent car-
cinogens are present in many common foods and at con-
centrations that are commonly thousands of times higher
than the concentrations of synthetic pesticide resi-
dues.®? It is probable that almost every fruit and veg-
etable in the supermarket contains plant pesticides that
are rodent carcinogens. A chemical pollutant should not
be a high priority for concern with respect to carcino-
genicity if, when ranked by the same methods as natural
chemicals, its possible carcinogenic hazard appears to
be far below that of many common food items.(#0-42)
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That is not to say that these dietary exposures are nec-
essarily of much relevance to human cancer, but rather
that the background of exposures to natural rodent car-
cinogens may cast doubt on the relevance of far lower
exposure levels to synthetic rodent carcinogens.

Our ranking of possible carcinogenic hazards is based
on a simple measure, HERP (Human Exposure/Rodent
Potency), which indicates what percentage of the TDs,
(in mg/kg/day) a human gets from a daily lifetime ex-
posure (in mg/kg/day) to a given chemical. We have also
ranked possible carcinogenic hazards in the workplace
based on the Permitted Exposure/Redent Potency (PERP)
index, using the OSHA Permitted Exposure Level (PEL)
as a surrogate for estimates of exposure.®“? The HERP
or PERP index uses the same animal results and similar
statistical methods as the usual low-dose linear estima-
tion of risk; however, our purpose is to compare possible
carcinogenic hazards from a variety of naturally occur-
ring and synthetic chemicals, not to perform risk as-
sessments. As more theory is developed and more evidence
is produced about the mechanisms of carcinogenesis, the
ranking of hazards by the simple HERP index can be
improved (as can risk assessment) by taking into account
information for a given chemical about mechanism,
pharmacokinetics, shape of the dose-response curve, and
mutagenicity.

Our analysis of possible carcinogenic hazards has
recently been expanded to 80 typical daily human ex-
posures to rodent carcinogens from a variety of sources.
Our results indicate that the possible hazards of synthetic
chemicals ingested from pesticide residues or water pol-
lution appear to be trivial relative to the background of
rodent carcinogens from natural chemicals (e.g., from
natural pesticides in plant foods or from the cooking of

Table I11. Proportion of Chemicals Evaluated as Carcinogenic® for Several Datasets in
the CPDB

1. All chemicals in CPDB

2. Chemicals tested in both rats and mice
2a. Naturally occurring chemicals tested in both rats and mice
2b. Synthetic chemicals tested in both rats and mice

3. NCINTP chemicals®

3a. NCI/NTP chemicals tested before 1979
3b. NCI/NTP chemicals tested after 1979

4. Chemicals tested in at least 1 speices
4a. Natural pesticides
4b. Mold toxins
4c. Chemicals in roasted coffee

584/1117 (52%)
288/479 (60%)
56/101 (55%)
232/378 (61%)

60/117 (51%)
105/198 (53%)

29/57 (51%)
12/20 (60%)
19/26 (73%)

@ A chemical is classified as positive if the author of at least one published experiment
evaluated results as evidence that the compound is carcinogenic.
£ 94% (296/315) of NCI/NTP bioassays arc conducted in both rats and mice.
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food). Current synthetic pesticide residues are at the bottom
of the HERP ranking, whereas HERP wvalues for natural
chemicals in foods occur throughout the ranking with many
common foods in the top half.“ Results are similar in a
ranking of average daily consumption of natural pesticides
and synthetic pesticide residues.

For occupational exposures, there is more than a
100,000-fold range in PERP values for rodent carcino-
gens that have PELs.) The permitted exposures to
workers for several compounds are close to the TDjsq
value in rodents, indicating that these should be a high
priority for regulatory attention. For high occupational ex-
posures, little quantitative extrapolation is required to the
high doses used in rodent bioassays, and therefore as-
sumptions about extrapolation are less important. This con-
trasts with the large extrapolations required for the low
human exposures to pesticide residues or water pollution.

Since only a tiny fraction of the chemicals to which
humans are exposed will ever be tested in rodent bioas-
says, it is important to try and identify as-yet untested
chemicals that might be of greatest possible hazard to
humans. One strategy for choosing chemicals to test is
to prioritize chemicals according to how they might rank
in possible hazard if they were to be identified as rodent
carcinogens. A useful first approximation is the analo-
gous ratio Human Exposure/Rodent Toxicity (HERT).
HERT would use readily-available LDy, values rather
than the TDs, values used in HERP. LDq, is related to
the MTD and the TDs,,45#6) and we have found that the
rankings by HERP and HERT are similar (Spearman
rank order correlation = 0.9). The number of people
exposed is also relevant in attempting to prioritize sys-
tematically among chemicals. Chemicals with high HERT
and population exposure could then be investigated in
more detail as to mutagenicity, mitogenicity, pharma-
cokinetics, etc. Natural and synthetic chemicals should
both be ranked, and if natural chemicals in foods such
as chlorogenic acid in coffee, psoralens in celery, or
indole carbinol in broccoli turned out to be important,
they might be bred out; for processed foods such as
coffee, they might be extracted.

3.3 Mechanisms of Carcinogenesis: Mutagenesis,
Mitogenesis, and Carcinogenesis

The study of mechanisms of carcinogenesis is a
rapidly developing field that can improve efforts to ex-
trapolate from high to low dose. Both DNA damage and
increased cell division (mitogenesis) are important as-
pects of carcinogenesis, and increasing either substan-
tially can cause cancer.“®47-5) Because there is an
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enormous background of endogenous DNA lesions, 19
any agent causing chronic mitogenesis can be indirectly
mutagenic, and consequently carcinogenic, by increas-
ing the probability of these endogenous DNA lesions
being converted to mutations.

If one accepts that mutagenesis is important for car-
cinogenesis, it follows that mitogenesis rates must be
important. When the cell divides, an unrepaired DNA
lesion has a certain probability of giving rise to a mu-
tation. Thus, an important factor in the mutagenic effect
of an exogenous agent, whether it is genotoxic or non-
genotoxic, is the increment it causes over the back-
ground cell division rate.? Those cells that appear to
matter most for cancer are the stem cells, which are not
on their way to being discarded. Increasing their cell
division rate increases mutation and therefore cancer.

Mitogenesis can be caused by toxicity of chemicals
at high dose (cell killing and subsequent replacement),
by interference with cell-cell communication at high
dosest®3-56) by substances such as hormones binding to
receptors that control cell division,®” by oxidants {the
wound healing response), by viruses, etc.® Chronic mi-
togenesis is important for many of the known causes of
human cancer.7-58)

Animal cancer tests are conducted at the maximum
tolerated dose (MTD) and 1/2 the MTD of the test chem-
ical for long periods of time, both high doses that can
cause chronic mitogenesis.®-?24% Chronic dosing at the
MTD may often be the equivalent of chronic wounding,
which is known to increase tumor yields in rodent tests
and to be a risk factor for cancer in humans.®? If animal
cancer tests are primarily measuring the effects of mi-
togenesis, then the dose-response would be expected to
curve upward.(40:49.50.60-63) At doses too low to produce
much mitogenesis, the cell-division rate would revert to
something well within the normal range, and no signif-
icant enhancement would remain to multiply any other
effects of the chemical; this would lead to an upward-
curving dose-response for carcinogenicity, even for mu-
tagens. Thus, a 10-fold reduction in dose would produce
much more than a 10-fold reduction in risk, and a linear
extrapolation from high to low dose would overestimate
risk at low dose.

Recent analyses of dose-response in animal tests are
consistent with the idea that mitogenesis from cell-kill-
ing and cell replacement at the high doses tested is im-
portant. Even at the two high doses tested, we have
found that 44% of the positive sites in NTP bioassays
are statistically significant at the MTD but not at 1/2 the
MTD (among 365 positive sites). Moreover, the pro-
portion positive only at the high dose is similar for mu-
tagens and nonmutagens. Another analysis of the shape
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of dose-response curves indicates that a quadratic dose-
response is compatible with more of the data than a
linear one for both mutagens and nonmutagens, thus sug-
gesting that mitogenesis is an important factor at the
MTD, even for mutagens. 6

It is clear that the mechanisms of action for all
rodent carcinogens are not the same, and that one cannot
use a simple linearized risk assessment model for all of
them. For some chemicals, there is evidence to support
mitogenesis effects unique to high doses (e.g., formal-
dehyde, melamine, and saccharin). For others (e.g., bu-
tadiene), carcinogenic effects have been found
considerably below the MTD. Further studies of mech-
anisms in rodent bioassays should help to clarify such
differences. Adding routine measurements of mitoge-
nesis to the 13-week toxicology study and the 2-year
bioassay would provide information that would improve
dose setting, interpretation of experimental results, and
risk assessment. The 40% of rodent carcinogens that are
not detectable mutagens should be investigated to see if
their carcinogenic effects at high dose result from in-
duction of mitogenesis; if so, then such rodent carcin-
ogens would be unlikely to be a risk at low doses.
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